1. Introduction
===============

Nasopharyngeal carcinoma (NPC), the malignant tumors located in the nasopharynx, strongly affects patients' quality of lives with a high incidence rate in southern China.^\[[@R1],[@R2]\]^ Radiotherapy (RT) is one of the most fundamental treatment approaches for controlling and shrinking tumor due to the tumor\'s radiosensitive characteristic.^\[[@R1],[@R3]\]^ However, accompanying with the inhibition of the tumor, the irradiation also causes brain structural and functional injuries of some normal brain regions due to 2 reasons. First, brain regions such as the cerebellum, brain stem, inferior and medial temporal lobes^\[[@R4],[@R5]\]^ are very close to the tumor tissue, which are inevitably included in the target volume of irradiation. Second, to achieve good treatment efficacy, RT has to adopt an enough high dose of irradiation, which always exceeds the dose tolerance limit of normal brain regions.

Except for the brain structural abnormalities,^\[[@R6]\]^ the radiation-induced functional deficits of NPC patients were also extensively investigated applying statistic analysis, such as performing the Montreal Cognitive Assessment (MoCA). Surveys have indicated that the NPC patients with RT (RT+) generally showed lower MoCA scores than the NPC patients without RT (RT−), demonstrating that RT would induce the cognitive deficits in NPC patients.^\[[@R7]\]^ The radiation-induced functional impairments included the domains of short-term memory, language ability, list-generating fluency,^\[[@R8]\]^ attention,^\[[@R9]\]^ visual memory function,^\[[@R10]\]^ and also motor abilities.^\[[@R9]\]^

However, to the best of our knowledge, there is no much investigation of radiation-induced functional brain alterations in NPC patients using functional magnetic resonance imaging (fMRI). The functional connectivity, which is built based on the fMRI data, is now vastly employed in investigating brain functions via showing the brain synchronized neural activity. The benefits of exploring the functional connectivity include 2 aspects. First, the functional connectivity changes reveal potential biomarkers, which would shed new light on the brain functional impairments.^\[[@R11]\]^ Second, the functional connectivity alterations may provide valuable training and practice targets for further functional recovery treatments, considering the plastic characteristic of functional connectivity.^\[[@R12],[@R13]\]^

Recently, multivariate pattern analysis (MVPA) techniques, especially support vector machine (SVM), have been effectively used in detecting the functional connectivity alterations in some psychiatric diseases.^\[[@R14]--[@R17]\]^ SVM successfully recognizes a distinct pattern in identifying 2 groups with the maximum boundaries.^\[[@R18]\]^ In our study, however, we use SVM to identify RT+ from RT− group not just concerning about the classification result, but more importantly about finding the reliable altered functional connectivity between these 2 groups. The main purpose is to explore the potential biomarkers of the radiation-induced functional impairments, while the classification results can be used as the indicator to show whether the features are representative enough in revealing the differences between these 2 groups.

Hence, the aim of our study is to evaluate the radiation-induced functional changes of NPC patients by examining the functional connectivity of RT− NPC and RT+ NPC patients, using SVM method. We focus only on the late delayed injury, which is considered to be exhibited more than 6 months later after receiving RT.^\[[@R19]\]^ The MoCA was also applied to investigate the global cognitive performance of both RT+ and RT− patients.

Previous studies have reported the RT-induced brain structural and functional alterations in specific regions such as the cerebellum and the temporal lobe. However, the abnormality of a single brain region may induce the reorganization of the whole brain functional connectivity network, since the brain is a delicate system that utilizes multiple brain regions to execute complex cognitive tasks. Besides, the functional connectivity is demonstrated to be underlying the human behavior and cognitive functions.^\[[@R20]\]^ Thus, we speculate that RT may alter the whole brain functional connectivity of NPC patients and these alterations may be relevant to the highly reported functional impairments, such as attention, visual processing, and other cognitive functions.

2. Materials and methods
========================

2.1. Participants
-----------------

From April 2013 to February 2014, 59 nonkeratinizing undifferentiated NPC patients (with staging from T1N0M0 to T4N2M0, the 6th edition of the UICC/AJCC staging system for NPC) who had been diagnosed by nasopharyngeal biopsy and histopathology were brought into this study, including 24 patients who were just diagnosed with NPC and 35 RT+ patients who had also undergone chemotherapy. These 2 groups were matched in age, gender, education level, and clinic stage (Table [1](#T1){ref-type="table"}). All subjects were right-handed, native Chinese speakers. In our study, the time interval between the completion of RT and the acquisition of the brain data in RT+ NPC group patients ranged from 6 to 87 months. All RT+ NPC patients received radical intensity-modulated radiation therapy using corvus system (Peacock, Nomos, Deer Park, IL), with a fixed mask after CT-Sim. They were irradiated with a linear accelerator (Varian 2300EX, Varian Medical Systems, Palo Alto, CA, USA) (Precision X-ray) for 6 to 7 weeks, which were divided into 30 to 33 fractions (once a day, quintic a week). The total dose of nasopharynx (gross tumor volume 1 \[GTV1\]) were 58 to 70 Gy, GTVnd were 54 to 64 Gy, and clinic target volume were 50 to 54 Gy. The dose-volume statistics for temporal lobes and brainstem were calculated (Table [2](#T2){ref-type="table"}). In addition, according to the institutional guidelines, all RT+ NPC patients received neoadjuvant/adjuvant chemotherapy for 1 to 3 months before or after RT with 1 to 3 agents, such as cisplatin, 5-FU paclitaxel and docetaxel. The concurrent chemotherapy was conducted in 1 to 4 courses.

###### 

Characteristics of the participants in this study.
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###### 

Dose-volume statistics of organs at risk for 35 patients with nasopharyngeal carcinoma treated with intensity-modulated radiation therapy (Gy).
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For patients who had intracranial invasion, brain tumor or metastases, brain trauma, leukoencephalopathy, alcoholism, hypertension, diabetes, neurologic or psychiatric diseases, and whose ages were lower than 18 years or more than 55 years were excluded from this study. Each NPC patient\'s overall function was evaluated by using the Karnofsky performance status (KPS) scale. All subjects had a KPS score of ≥ 80, indicating a high overall function. In addition, all subjects received the Beijing Version of MoCA by a neurological physician who was blinded to this study. Ethical approval was obtained from the Ethics Committee of Southern Medical University, and all participants provided written informed consent.

2.2. MRI acquisitions
---------------------

All resting-state MRI data were acquired using a Philips Achieva 3.0T scanner (Philips Medical Systems, Best, Netherlands) with an 8-channel head coil for all the participants. Routine sequences including axial T1WI, T2WI, and fluid-attenuated inversion recovery images for every patient were acquired to detect any macroscopic lesion. The fMRI data were conducted using a gradient echo--echo planar imaging sequence covering the whole brain, which was paralleled to anterior-commissure--posterior-commissure plane. The scan parameters were performed as following: repetition time = 2000 ms, echo time = 30 ms, flip angle = 90°, field of view = 230 mm × 230 mm, matrix = 128 × 128, slice thickness = 3 mm, with 1-mm gap, and total volumes = 205. None of the subjects exhibited excessive head motions during the data acquisition (\<2.5-mm translation in *x-*, *y-*, or *z*-axis and \<1° of rotation in each axis).

2.3. Data preprocessing
-----------------------

Standard preprocessing of the acquired functional images was conducted using the SPM8 package (Welcome Department of Cognitive Neurology, Institute of Neurology, London, UK, <http://www.fil.ion.ucl.ac.uk/spm>). For each subject, we discarded the first 10 volumes to allow for magnetization equilibrium. The remaining 195 volumes were realigned to correct for the head motion and spatial normalized into the Montreal Neurological Institute template with a voxel size of 3 × 3 × 3. After that the normalized volumes were spatial smoothed with a Gaussian smoothing kernel of 6 mm full-width at a half maximum. We further removed the linear trends of the volumes and temporal filtered the volumes with a Chebyshev band-pass filter (0.01--0.1 Hz). Finally, the filtered volumes were regressed out with altogether 9 coefficients, including the global mean, the confounding effects of cerebrospinal fluid and white matter, and the 6 head motion parameters.

2.4. Functional connectivity topography
---------------------------------------

To extract the whole brain functional connectivity, we selected 160 seed regions based on a recent fMRI study, which defined 6 brain networks and extracted 160 seed regions according to several functional tasks.^\[[@R21]\]^ The time courses of the 160 seed regions with a spherical radius of 3 mm were extracted and Pearson correlation coefficients were calculated between each pairs of these 160 time series, which resulted in a 160 × 160 functional connectivity matrix for each subject. Removing the diagonal elements and the symmetrical half, the remaining amount of functional connectivity elements was (160 × 159)/2 = 12,720.

2.5. MVPA classification and leave-one-out cross-validation
-----------------------------------------------------------

We performed a soft-margin SVM analysis with the linear kernel and the regularization parameter *C* = 1. Leave-one-out cross-validation (LOOCV) was used to evaluate the general classification performance, while 1 test sample was leaving out by turns in each round of LOOCV, and all other samples were considered as training samples. Two-sample *t* test was used to test whether each of the 12,720 features was significantly different between the 2 groups of training samples. All 12,720 features were ranked according to their significance statics. The top-ranked K features were then selected in both the training set and testing set. The number of selected features K ranged from 50 to 5000. After that, locally linear embedding was used to reduce the feature dimension in the training samples, while the same projective matrix of dimension reduction was also applied in the testing sample to obtain the new testing features. An SVM classifier was then trained by the generated features in the training set and was applied to classify the testing sample. After all 59 rounds of LOOCV process, the general classification accuracy was obtained by calculating the proportion of testing samples that were correctly identified. Permutation test was performed for the classifier 10,000 times to empirically evaluate whether the classification accuracies were significantly greater than chance. The flowchart of the MVPA method was shown in Fig. [1](#F1){ref-type="fig"}.

![The workflow of the classification with leave-one-out evaluation in our study. ROI = regions of interest, LLE = locally linear embedding.](medi-95-e4275-g003){#F1}

2.6. Consensus functional connections
-------------------------------------

In each round, we measured the discriminative ability of each feature by ranking its absolute value of the *T* score in the two-sample *t* test. There were 59 LOOCV rounds and we considered 1 feature as a consensus feature if it was ranked within the top 200 features for more than half of these 59 rounds, which was set to 30 rounds finally.

2.7. MoCA measurement and correlation analysis
----------------------------------------------

The MoCA was performed in measuring the cognitive performance of each NPC patient, in both RT+ and RT− groups. The MoCA score was the sum of 7 subitems, including visuospatial, executive, naming, memory, attention, language, abstraction, and orientation. We tested the linear correlation levels between the MoCA scores and the consensus functional connections, and between the 7 subscores and the consensus functional connections, respectively.

3. Results
==========

3.1. Classification results
---------------------------

The SVM classifier effectively captured the different functional connectivity pattern between RT− and RT+ NPC patients. The most discriminating features were found, and the classifier achieved an overall accuracy of 81.36% in identifying the RT+ group from the RT− group (75% in RT− NPC and 85.71% in RT+ NPC), with 99.94% classification accuracy in training set. The statistic value of permutation test was *P* \< 0.00001, which rejected the null hypothesis that the RT+ and RT− groups were subjected to the same distribution. This demonstrated that the classifier trained in our study learned the relationship between the data and the labels with a low probability of being wrong and the classification accuracies obtained in our study was statistically significant.

3.2. Consensus features
-----------------------

In this study, 45 functional connections were identified as the consensus features in the cross-validation (Table [3](#T3){ref-type="table"}). Figure [2](#F2){ref-type="fig"} showed the spatial locations of the 45 consensus functional connections. The 6 networks were shown in 6 different colors. The size of each regions of interest was proportional to how many consensus features it participated in. Twenty-four functional connections of RT+ NPC were increased while 21 were decreased, comparing to RT− NPC. In Fig. [2](#F2){ref-type="fig"}, the orange and light blue lines indicated the increased and decreased functional connections, respectively. We found that the consensus features mainly located in the mutual connections between the networks of the cerebellum, cingulo-opercular, and sensorimotor.

###### 

Information on 45 consensus features. The positive feature weights mean that RT− NPC patients have larger feature values than RT+ group, while the negative feature weights mean RT− NPC patients have smaller feature values than RT+ group. The *z*-transformed correlation coefficients (Zcc) of RT− and RT+ NPC groups are included.

![](medi-95-e4275-g004)

![The regional weights and distribution of the 45 consensus functional connections. Regions are color-coded by 6 brain networks.^\[[@R21]\]^ The size of the regions is proportional to the frequency of the region in these functional connections. The lines between regions indicate the functional connectivity. Yellow lines means the functional connectivity of RT+ NPC is increased comparing to RT− NPC, while the light blue line means decreased functional connectivity. This figure shows that the majority of the consensus features locate in the mutual connectivity between 3 networks: the cerebellum, the cingulo-opercular, and the sensorimotor networks.](medi-95-e4275-g005){#F2}

3.3. Correlation analysis
-------------------------

The MoCA scores of RT+ NPC patients were significantly lower than RT− group with the significant level of *P* \< 2.70e -- 13 (Fig. [3](#F3){ref-type="fig"}). Five consensus connections were notably correlated with the MoCA overall scores, which were the functional connectivity between the vermis and hippocampus lobe (*P* \< 0.00043), cerebellum lobule VI and dorsolateral prefrontal cortex (dlPFC) (*P* \< 0.00059), precuneus and dorsal frontal cortex (dFC) (*P* \< 0.00023), cuneus and middle occipital lobe (*P* \< 0.00071), and anterior insula and cuneus (*P* \< 0.00028) (Fig. [4](#F4){ref-type="fig"}A--E). The significance coefficients were all false discovery rate corrected with the correction level of q \< 0.05. Besides, after examined the correlation between all 7 subscores with the 45 consensus features, respectively, only 1 pair was found significantly correlated, which was the attention score and the functional connectivity between the vermis and hippocampus (*P* \< 0.00072, uncorrected) (Fig. [4](#F4){ref-type="fig"}F).

![The statistic comparison between the MoCA scores of RT− and RT+ NPC patients. This figure shows that the MoCA score of NPC patients is significantly decreased after receiving RT with the significance level of *P* \< 2.696e − 013.](medi-95-e4275-g006){#F3}

![Correlation rates and significant levels between the consensus features and MoCA scores, as well as attention score. (A) The functional connectivity between vermis and hippocampus is positively correlated with MoCA score (*P* = 0.00043, *r* = 0.4440; FDR corrected, q \< 0.05); (B) the functional connectivity between cerebellum lobule VI and dlPFC is negatively correlated with MoCA score (*P* = 0.00059, *r* = −0.4343; FDR corrected, q \< 0.05); (C) the functional connectivity between precuneus and dFC is positively correlated with MoCA score (*P* = 0.00023, *r* = 0.4622; FDR corrected, q \< 0.05); (D) the functional connectivity between cuneus and middle occipital lobe is positively correlated with MoCA score (*P* = 0.00071, *r* = 0.4284; FDR corrected, q \< 0.05); (E) the functional connectivity between anterior insula and cuneus is negatively correlated with MoCA score (*P* = 0.00028, *r* = 0.4569; FDR corrected, q \< 0.05); and (F) the functional connectivity between vermis and hippocampus is positively correlated with attention score (*P* = 0.00072, *r* = 0.4282; uncorrected). dlPFC = dorsolateral prefrontal cortex, dFC = dorsal frontal cortex.](medi-95-e4275-g007){#F4}

4. Discussion
=============

Our results demonstrated the radiation-induced brain functional connectivity abnormalities of NPC patients. The captured deficit pattern of functional connectivity was reliable in identifying the RT− from RT+ with 81.36% accuracy. The 45 consensus connections were mainly the mutual connections between the cerebellum, sensorimotor, and cingulo-opercular networks. In addition, 5 consensus functional connections were significantly correlated with the MoCA scores, among which 1 connection was significantly correlated to the attention score. Together, these findings suggested that the altered functional connectivity pattern might serve as a potential biomarker of the radiation-induced brain dysfunctions in NPC patients.

The 45 consensus connections were associated with all of the 6 networks previously defined,^\[[@R21]\]^ especially the mutual connections between the cerebellum, sensorimotor, and cingulo-opercular networks. The cerebellum is close to the tumor proximity, which is inevitably included in the radiation volume target, suffering a high irradiation dose.^\[[@R22]\]^ Anatomical surveys indicated that the cerebellum is extensively interconnected with the cerebral cortex via thalamus in the output circuit, and via the pons in the input circuit, which forms a contralateral circuit.^\[[@R23]\]^ Besides, it was demonstrated that the cerebellum is not only associated with motor control function, as traditionally considered, but is also involved in cognitive function.^\[[@R24]\]^ In our exploration, though we chose the patients with normal appearing white matter and gray matter in the brain, the cerebellum was still strongly involved in the abnormal functional connectivity pattern. We speculated that the cerebellum function may be altered during the RT process in the RT+ NPC patients comparing to the RT− group, and the cerebellar--cerebral circuits may be damaged.

Our results found that the cerebellum network was abnormally connected with sensorimotor and cingulo-opercular network. The sensorimotor network is the coupling of sensory and motor functions, and the cingulo-opercular functional network is associated with controlling goal-directed behaviors.^\[[@R25]\]^ We proposed that the functional connectivity alterations between the cerebellum and sensorimotor network might imply the radiation-induced motor deficits in NPC patients, while the functional connectivity alterations between the cerebellum and cingulo-opercular network may involve in the cognitive functional abnormalities. Indeed, the motor ability deficit was previously demonstrated in the NPC RT+ patient.^\[[@R26]\]^ In some clinical reports, the RT+ NPC patients exhibited swallowing impairment and bulbar palsy,^\[[@R27]\]^ which were involved in the sensorimotor function deficits.

The correlation analysis showed that 5 consensus functional connections were significantly correlated with the MoCA scores, which included the functional connections between the vermis and hippocampus, cerebellum lobule VI and dlPFC, precuneus and dorsal frontal lobe, cuneus and middle occipital lobe, and insula and cuneus.

Hippocampus plays an important role in the information consolidation and spatial navigation, and is also known to be involved in attention processes such as visuospatial working memory^\[[@R28]\]^ and modulating executive functions.^\[[@R29]\]^ Studies have reported that the RT would induce the hippocampus structural deficit.^\[[@R30]\]^ Recently, a study using clustering method to identify brain networks demonstrated an important role of vermis in the ventral attention network.^\[[@R31]\]^ Indeed, both the hippocampus^\[[@R32]\]^ and vermis^\[[@R33]\]^ were found abnormal in the attention deficit hyperactivity disorder (ADHD), a disease that always has a high level of impulsivity and inattentiveness.^\[[@R34]\]^ In our study, we found that the functional connectivity between the vermis and hippocampus was significantly correlated with the MoCA scores, especially with the attention score. These results suggested that the altered functional connectivity between the vermis and hippocampus might imply the attention deficit in RT+ NPC patients.

The cuneus is involved in the visual processing,^\[[@R35]\]^ while the middle occipital lobe is also considered as an important visual processing region. The altered functional connectivity between the cuneus and middle occipital lobe may suggest that RT process would induce the visual processing deficits in the NPC patients. Indeed, studies have reported the altered visual memory in RT+ NPC patients.^\[[@R36]\]^ Apart from the traditional visual function, cuneus is recently demonstrated to be involved in the inhibition control.^\[[@R37]\]^ Besides, the anterior insula is engaged in higher order awareness and cognitive processing.^\[[@R38]\]^ We suggested that the altered functional connectivity between cuneus and insula might reveal the impaired cognitive control in NPC patients with RT. Moreover, the precuneus involves in the self-related awareness^\[[@R39]\]^ and conscious information processing,^\[[@R40]\]^ while the dlPFC and dFC are related to executive processing^\[[@R41]\]^ and social cognition.^\[[@R42]\]^ Except for the traditional sensorimotor function, the lobule VI takes part in cognitive and emotional processing, and also in the prefrontal--cerebellar loops of executive functions.^\[[@R23]\]^ The altered functional connectivity between the precuneus and dFC, and also between the lobule VI and dlPFC may reveal the impaired cognitive and executive processing.^\[[@R43]\]^

The altered functional connectivity pattern and the significant correlations between 5 altered connections and MoCA scores demonstrated that RT may induce the brain cognitive dysfunctions, especially attention alterations. This indicates that radiation-induced brain impairments are not restricted to the exposed area, other encephalic region, such as cerebellum, sensorimotor, and cingulo-opercular areas, should be concerned as well.

Our study showed that RT would cause brain functional connectivity abnormalities in NPC patients. The 45 altered functional connections may serve as the potential biomarkers and may underlie the RT-induced functional impairments. Hence, the potential clinical value and application of our study may exist in 3 aspects. First, we suggest that to prevent the RT-induced cognitive impairments as much as possible, some necessary measures may be taken for the conventional MRI negative NPC patients, such as using hyperbaric oxygen therapy and radioprotector, like glucocorticoid, melatonin, magnesium sulfate, valproate, and cyclooxygenase inhibitors. Second, it is important for radiation oncologists to evaluate the cognitive deficits in NPC patients after the RT process. In our study, we found that RT may induce various functional impairment including domains of attention, visual processing, inhibition control, and executive processing. Based on these, some of the clinical interventions relative to these cognitive deficits shall be considered as a further follow-up recovery treatment. For example, the attention dysfunction and inhibition control deficit, which are coincident with ADHD, are clinically treated in 2 ways, including the pharmacological treatment such as applying stimulants and atomoxetine, and also the recommended nonpharmacological interventions such as neurofeedback, cognitive training, and restricted elimination diets.^\[[@R44]\]^ These widely used treatments may also help to decrease the RT-induced attention alterations in NPC patients. Last but not the least, recent studies have investigated some promising method such as brain stimulation, which aims to regulate the altered functional connectivity and reduce the brain functional impairments.^\[[@R12],[@R13]\]^ Thus, the 45 altered functional connections found in our study not only underlie the pathology of the RT-induced functional impairments but may also serve as the stimulating targets, which might to some extent help the RT+ NPC patients recover from the functional impairments.

In our study, apart from RT, the chemotherapy might also cause the functional connectivity alterations in RT+ NPC patients, since the RT− NPC patients did not receive RT or chemotherapy, while RT+ NPC patients received both treatments. Though there is no report on NPC patients, studies on breast cancer patients have demonstrated that chemotherapy would cause some functional connectivity changes, especially in the default mode network,^\[[@R45]--[@R47]\]^ the connectivity relevant to anterior cingulate cortex^\[[@R48]\]^ and intraparietal sulcus.^\[[@R45]\]^ These functional connectivity alterations may be underlying the executive, attention impairments,^\[[@R45],[@R46]\]^ and memory difficulties.^\[[@R47]\]^ It was worth noting that the fMRI data in our study were scanned at least 6 months after the completion of chemotherapy, which would to a large extent reduce the chemotherapy-induced influence. Studies have demonstrated that the chemotherapy-induced functional impairments would recover largely over time, particularly after 6 months, in breast cancer patients^\[[@R49]\]^ or colon cancer patients.^\[[@R50]\]^ Despite these, the potential functional connectivity alterations induced by chemotherapy in NPC patients remained unclear. Further study is needed in investigating the chemotherapy-induced functional connectivity alterations.

There are still some limitations in this study due to the small sample size and the lack of a new and larger sample to confirm the results of the classification performance and correlation analysis. In the future, we expect to collect a larger sample of follow-up NPC patients to evaluate the functional connectivity abnormalities, which can contribute to find more accurate and reliable functional connectivity pattern in revealing the RT-induced functional impairments.

5. Conclusion
=============

The present study demonstrated that the whole brain functional connectivity pattern of RT+ NPC patients was significantly impaired comparing to RT− NPC group and the altered functional connectivity pattern was highly correlated with the MoCA score. These findings suggested that RT process might notably induce functional deficits in brain cognition, especially attention function. The 45 altered functional connections, especially the 5 connections that were significantly correlated to the MoCA scores, may shed new light on the underlying radiation-induced functional impairments in NPC patients and may serve as the potential indicators for further clinical recovery treatment of the impaired functions.

Abbreviations: ADHD = attention deficit hyperactivity disorder, CTV = clinic target volume, dFC = dorsal frontal cortex, dlPFC = dorsolateral prefrontal cortex, FDR = false discovery rate, FLAIR = fluid-attenuated inversion recovery, fMRI = functional magnetic resonance imaging, GTV = gross tumor volume, IMRT = intensity-modulated radiation therapy, KPS = Karnofsky performance status, LLE = locally linear embedding, LOOCV = leave-one-out cross-validation, MNI = Montreal Neurological Institute, MoCA = Montreal Cognitive Assessment, MVPA = multivariate pattern analysis, NPC = nasopharyngeal carcinoma, RT− = patients not receiving radiotherapy, RT = radiotherapy, RT+ = patients receiving radiotherapy, SVM = support vector machine.
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